Abstract: Improvements of conventional SMB operation, such as in Varicol, Modicon, and Powerfeed, have enhanced SMB performance in the past decade. In this work, we propose a novel strategy that incorporates changing internal flow rates and switching periods periodically to enhance flexibility of operation and simultaneously enhance the purity of key product. This mode of operation, called as a dual switching strategy, has been investigated from a modelling perspective with simulation studies to validate the findings. The study incorporates detailed multiobjective optimization problem formulation focusing on performance metrics such as extract purity, recovery and throughput. Unlike the classical SMB processes, dual switching offers a wider scope with its larger degrees of freedom to mutually enhance purity and concentration of key product without the need for SMB configuration modifications. The results reveal a possible fractionating effect on the product side leading to two different purity fractions. Superior performance over the conventional operation has been validated by comparison with classical operation on an SMBC process for separation of glucose and fructose using Ca ++ exchange resin.
INTRODUCTION
Chromatographic separations have received significant attention in the pharmaceutical, speciality and fine chemical industry in the making of high purity products and is based on the differing affinities of the mixture constituents to a stationary solid phase. Fixed bed chromatography is a mature batch operation technology for separation of heat-sensitive mixtures or mixtures with similar relative volatilities. While continuous, counter-current operations have the obvious advantage of high productivity and low eluent consumption, physical movement of the solid phase is operationally difficult to accomplish. Simulated Moving Bed Chromatography (SMBC), invented by Broughton and Gerhold Broughton and Gerhold (1961) , provides a practical realization of the counter-current flow of the liquid/gas mobile phase and the solid stationary phase.
The SMBC process consists of multiple columns, which are connected in series in a circular manner as shown in Fig. 1 . The feed consisting of a mixture of component B (more adsorbed) and A (less adsorbed), and the desorbent streams enter the system, while extract and raffinate streams continuously exit out. Counter-current movement of solid stream is approximated by sequentially switching the inlet and outlet ports of interconnected columns in the direction of fluid flow. Based on the position of columns connected to the feed and desorbent nodes, the SMB is divided into four sections each with a specific function in separating the feed mixture (see Fig. 1 ). In general, the number of columns in each section may exceed one. By choosing an appropriate switching time interval and flow rates, the preferentially adsorbed species B can be withdrawn at the extract outlet and the less adsorbed species A appears at the raffinate outlet. As seen from Fig. 1 , the feed along with the internal flow from section 2 enters section 3, where component B is preferentially adsorbed on the stationary phase, while component A is partly withdrawn at the raffinate outlet and the remaining component A in the internal stream is almost completely adsorbed in Section 4. The desorbent is used to regenerate the adsorbent bed by desorbing component B in the B-rich section 1, a part of which is withdrawn as the extract. At the end of switch time, the ports are switched with the feed and desorbent now entering column 4 and column 2 respectively and the respective exits yielding the raffinate and extract. After four such port switches, the original port configuration is obtained and corresponds to one cycle. At a point when the transient concentrations in the columns are identical over the cycle periods, a Cyclic Steady state (CSS) is said to have been reached.
Since the original invention in 1961, numerous modifications that provide improved performance over the classical or conventional SMB have been patented or reported in open literature (Luderman et al., 2000; Zhang et al., 2003; Li et al., 2010) . These improvements are a result of incorporating additional flexibility/hardware or degrees of freedom to the SMBC apparatus. The Varicol strategy (Luderman et al., 2000) has unequal number of columns per section of the separation zone and is commercialised by Novasep SAS (France) since it enhances productivity.
Modicon (Schramm et al., 2003) strategy uses the fact that varying the feed concentration within a switching interval could lead to a marked influence on the internal concentration profiles within the column and thereby enable an appropriate shift of impurity fronts for better separation.
In the PowerFeed Strategy (Zhang et al., 2003) , the degrees of freedom of operation is increased to allow for changing internal flow rates within a switching period t * thereby offering flexibility of operation. In Feed-Fractionation-SMB (FF-SMB) operational mode, a certain high purity fraction of extract stream is collected and the lean stream is fed back as a recycle to the feed tank. There is a requirement for an extra buffer tank for collection of these recycles whose purity is averaged out over several fractions (Li et al., 2010 ).
All the above modifications are obtained by addition of new hardware or process elements (for example, a recycle stream or modulation of input concentration or flow rate during a switch) that create new degrees of freedom, which are subsequently leveraged for the process improvement such as enhanced purity or productivity. The current work proposes a radically different operating strategy that creates new operating degrees of freedom in the conventional SMB without requiring any new hardware or process elements. This is brought about by alternating between two sets of flow rates and switch time after every port switch. We term this novel strategy as Dual switch operation. Using two sets of operating parameters and alternating between them after every switch doubles the degrees of freedom. These sets of operating parameters are determined using formal model based optimization with the objective of maximizing some SMB performance metric.
The proposed approach has been tested by simulations using a benchmark glucose/fructose separation system with the objective of maximizing fructose purity. Simulation results show that upon achieving a dual period cyclic steady state, the fructose-rich extract stream under the dual switching operation yields two distinct fructose rich product cuts at alternate switches: 1) a low purity fructoserich stream; and 2) a high purity fructose rich stream. At CSS, the high purity cut has a switch-time averaged purity of 99%, which is significantly higher than the maximum switch-time averaged purity achievable in the conventional single switch operation with the same SMB apparatus (96.9%). Moreover, the concentration of the high purity product is significantly higher than the concentration of the product stream in the single switch operation, which is non-intuitive. This suggests that the novel dual operating strategy can be used as a means of process intensification using a conventional SMB apparatus solely by changing the operating procedure. Modulation of flow rates continually through the four sections within a switch period has been proposed by Kloppenburg and Gilles (1999) and has been referred to as time-variable SMB. The flow rate modulation, achieved by a controller, can potentially lead to an improved steady state waveform that aids separation. The current work differs from the above in that the flow rates are maintained at a constant level within a switch period and change only in the subsequent switch to new fixed levels while in the above works the flow rates are modified continually within each switch period (like PowerFeed). The rest of the document is structured as follows: in the next section, a brief overview of the mathematical model used for optimization is presented. Section 3 and 4 present the Dual Switch SMB operation and the corresponding results. Conclusions are presented in Section 5.
MATHEMATICAL MODEL OF SMBC
In order to determine optimal operation of the SMB using the proposed dual switch operation, a first principles, 1-dimensional, dynamic model for separation of glucose/fructose, which can describe the spatio-temporal variation in the interconnected columns as well as port switching operations is used (Rajendran et al., 2009) . The model uses linear, non-interacting adsorption isotherms for the two species. A linear driving force model and axial dispersion are assumed for the two species. We summarize the model equations here but cite Rajendran et al. (2009) ; Kawajiri and Biegler (2006) for details. The following notation is used: c ij (z, t), q ij (z, t), q * ij (z, t) -concentration of the i th component in the j th column in the liquid phase, solid phase, and solid at equilibrium, respectively, in the axial direction z and time t; v j -axial velocity in the j th column; K i , k i , D i -Henry's constant, mass transfer coefficient and dispersion coefficient for i th species; -bed porosity; Q i -internal flow rate in Section i (see Fig. 1 
); L -column length
Mass balance in liquid phase:
Mass balance in solid phase:
Linear adsorption equilibrium isotherm:
Initial condition
Danckwerts boundary condition
Desorbent inlet node
Extract outlet node
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Feed inlet node
Raffinate outlet node
The adsorbent is a strongly acidic cationic resin of gel type (Ca 2+ form) on which fructose gets preferentially adsorbed relative to glucose. Deionized water is used as the desorbent. Fructose-rich stream is drawn out as extract and is considered as the main product. Model parameters corresponding to the SMBC columns and the glucose/ fructose separation are summarized in Table 1 . The above model is converted to dimensionless form by introducing spatial and time dimensionless variables to be incorporated for optimization case studies presented later (see Rajendran et al. (2009) for details). 
For simulation studies, the model equations Eqs. (1)- (9) are discretized in space and time and these equations form a part of the equality constraints of the optimization problem. The method of orthogonal collocation on finite elements (OCFE) is incorporated with roots of the shifted legendre polynomial for discretization of both spatial and temporal finite elements to solve the PDEs in Eqs. (1)- (5). Such OCFE methods have proven to be very efficient for solving fixed bed chromatography problem (Toumi et al., 2007) . The spatial domain is discretized with 6 finite elements per column and 2 internal collocation points per finite element. Each switch time is discretized with 4 internal collocation points. In this work, an open source optimization solver IPOPT (Interior Point Optimizer) (Wachter and Biegler, 2006) integrated with MATLAB (R2007a) has been used for solving the optimization case studies. IPOPT uses a gradient based approach wherein a logarithmic barrier potential enforces constraints and a filter line search is performed to obtain the next iterate. For attainment of CSS condition, 56 shifts have been found appropriate based on several trial simulations. The total number of variables and equations are 102,140 in single switching conventional SMB simulations. Details can be found in Vignesh et al. (2016) .
MAIN CONTRIBUTION: DUAL SWITCH SMBC
It is instructive to see the performance limitations of a conventional SMB operating at CSS. A key performance indicator is the extract purity at CSS and is defined as follows:
where t * is the switch period. Optimization studies in Vignesh et al. (2016) show that the maximum switch period averaged fructose purity at CSS for the conventional SMB operation is found to be 96.9% (while enforcing a mimimum feed flow constraint of 1 ml/min). The corresponding axial concentration profiles at CSS based on the SMB model equations parameters in Table 1 are shown in Fig 2. The dynamic variation in the fructose and glucose concentrations in the extract is shown Fig. 3 . It is clear that there is considerable pollution of the fructose-rich extract stream by glucose during the initial part of the switch period. From a separation efficacy perspective, the initial glucose impurity yields a maximum purity of 96.9%. In the conventional SMB approach, the purity can be enhanced by using larger number of columns per section or increasing the length of the columns.
The basic idea of the proposed dual switching approach is operating the SMB with a two sets of operating parameters that yield a dual period CSS. The dual period operation gives the operator extra degrees of freedom that can be exploited to realize superior performance for maximizing product purity. Such a strategy for enhancement of SMB process performance that results in fractionation of product streams has not been reported in literature thus far to the best of authors' knowledge. 
Dual switching SMB
Dual switching SMB is an approach to improve product purity by alternating switch times and flow rates of SMBC without modifying the physical characteristics/ functionality of the SMB is explained.
Let A 1 , B 1 , C 1 , D 1 and A 2 , B 2 , C 2 , D 2 represent flow rates in sections 1, 2, 3 and 4 of the SMB in Fig. 1 Thus, setting A 1 = A 2 = A; B 1 = B 2 = B and so on with a single switching time of t * , the conventional single switch operation can be obtained. In this study, we have maintained the flow in Section 1 as a constant with A 1 = A 2 = A = 43.23 ml/min. This has been fixed on the basis of the maximum pressure drop limits on the metering pumps of an existing setup. From an optimization point of view, such an alternating operation enhances the degree of freedom. In a single switch conventional SMB one could choose B 1 , C 1 , D 1 and t * appropriately to maximize the product purity. On the other hand, the degrees of freedom are doubled to B 1 , C 1 , D 1 , B 2 , C 2 , D 2 , t * 1 and t * 2 in the dual switch operation [(6 internal flow rates (3 in each switch ) + (2 switch time)]. It is of interest to investigate if the enhanced degrees of freedoms can provide any benefits from an optimal process operation perspective.
Table 2. Single and Dual switch modes

Switch number
Single switch, fixed t * Dual switch 1
In a dual switch SMB, identical transient concentrations are obtained inside the column at every second switch. Thus, the CSS is observed over a two-switch period after the start-up of the process.
Dual switch optimization formulation
Dual switch Case 1: Maximization of CSS extract purity averaged over two switches Here average purity was calculated over the last two switches after attaining the two period CSS. Thus,
The following constrained optimization problem was solved to fix the 8 degrees of freedom. (1) − (5) Node Balances (6) − (9) Q D,m , Q E,m , Q R,m , ≥ 1 ml/min Q j,m , t * > 0 j = 2, 3, 4; m = 1, 2 Q 1 = 43.23 ml/min Q l,m , t * are decision variables (l-column number; m-subperiod of the dual period). At CSS, such an approach yielded two different product purity streams of the extract streams in the alternating switches and the results are shown in Table 3 : A low purity stream (95.88%) and a high purity stream (98 4%). Thus, while SMB could obtain a high purity fraction which is higher than the maximum purity attainable by a single switch conventional operation (96.9%) (see Vignesh et al. (2016) for more details), the benefit was marginal. Case 1 thus suggests that maximizing the purity over both the switches of the dual switch operation limits the purity of the high purity fraction. Henceforth, a new objective function was formulated to maximize the time averaged extract purity at CSS only over the high purity period of SMBC operation instead of the last two switches as discussed next. The purity of low purity period was constrained for a minimum performance level.
Dual switch case II: Maximization of CSS extract purity averaged over one switch: Hence the objective function was redefined as purity averaged over only the high purity period t * 2 in the dual switches as follows:
The following optimization problem is solved:
IFAC DYCOPS-CAB, 2016 June 6-8, 2016. NTNU, Trondheim, Norway To ensure that a minimum purity is achieved in the low purity fraction, we lower bounded it by γ for extract purity for the penultimate period t * 1 . The minimum recovery bound for both the periods t * 1 and t * 2 was set to 80%. The degree of freedom of the dual switching is eight with the total number of variables at 102,148 unlike 102,144 in the conventional single switching SMB. The optimization results for two different values of γ, namely γ = 92% and γ = 96% are shown in Table 4 . It is clear that constraining the purity of the lower purity period trades-off with the performance of the higher purity period. Reducing the value of γ to 91% further increases the average purity of the high purity fraction to 99.35% fructose, that is, nearly pure fructose (see Table 5 ).
DISCUSSION
It is interesting to note that the average of the two periods, t * 1 and t * 2 , in the dual switch operation ranges from 242.13s to 243.54s for varying bounds on γ 1 , which is similar to the optimized switch time for the conventional single switch SMB of t * = 242.03s. In case of the dual switch SMB, there is an increased feed and desorbent consumption during the high purity switch over the previous low purity switch and this has a positive impact on the extract time averaged purity and concentration. For the case of γ = 92%, note that the switch time t * 2 = 161.62 s, which is approximately one half the switch time t * 1 , results in a time averaged feed and desorbent consumption of Q F,avg = 2.06 ml/min and Q D,avg = 14.81ml/min respectively. However, it is clear from Table 5 that the desorbent consumed in dual switching operation on an hourly basis is similar with classical operation mode, although Q F has doubled. Fig. 5 represents the dual CSS condition. Examining the concentration wavefront along axial direction, there is a double peaked concentration curve (corresponding to fructose(blue)) at CSS condition that is not observed in the classical SMB operation as seen from Fig. 2 . A physical explanation for this phenomena could be attributed based on theory of nonlinear wave propagation (Helfferich and Carr, 1993) . There exist two different kinds of waves namely, "shock" and "spreading" waves. The velocity at each point on the wave depends on the height of the wave. A shock wave is characterised as the one travelling with the same velocity contrary to the spreading wave which travels with increasing velocity. With increasing velocity or higher flow rates the concentration increases on the product side and is eventually observed with higher concentration obtained in dual switching operation mode.
The product evolution on the extract side at CSS from Fig. 6 supports for negligible glucose impurity (as shown by the dotted encircled portion) in the extract side while operating in dual switching mode. Also, Fig. 7 shows the evolution of extract purity and concentration versus the number of shifts and the appearance of the alternate crests and troughs that corresponds to purity of 99.35% and 91% respectively with a time averaged purity of 95% and the time averaged fructose concentration values can be referred from Table 5 corresponding to γ 1 = 91%.
Without compromising on threshold bounds of SMB operation, a gradual variation in the extract purity in the last switch (γ 1 ) shows that there is a possibility to have an outlet extract stream extract purity of 99.35% and a time averaged concentration of 5.36 g/L. Since our main product is fructose, it is worthwhile to observe that in the dual switching mode of operation, there is a trade-off as to one gets 91% pure extract in penultimate switch but on the other hand a 99.35% pure stream in the last switch. The reason for the high purity stream could be attributed to the fact that internal flow rate Q 4 decreases, thereby pumping in more desorbent (Q D ) in the last switch at CSS. Pumping in more desorbent does increase extract purity by increasing the desorption rate in column 1 (refer Fig.  1 ). Additionally Table 5 also compares the performance of final dual switch configuration and single-switch operation in allied respects and it can be seen that the P ur M ax with dual switch is much higher than that with the classical operation mode and along with a high average extract concentration over the last two switches, whilst at the expense of twice the feed supplied as opposed to singleswitch.
The current work used a numerical optimization approach to investigate the dual switch operation of the SMBC. Since the SMBC operation is periodic in nature, one may use a variational approach for optimal control of periodic systems (Bailey and Horn, 1971; Gilbert, 1977; Hoffner et al., 2007) , which may yield a formal method of selecting the various operating decisions in the dual switch operation. Another direction of work involves using feedback for real-time implementation of the dual switching strategy on the lines presented in Erdem et al. (2004) ; Alamir et al. (2006) ; Klatt et al. (2002) .
CONCLUSIONS
From operational perspective, a novel dual switching operational mode with periodic changes in internal flow rates and switch time (t * ) has been accomplished that promises enhanced extract purity and concentration. An important observation is that higher feed flows translates into higher extract purities and concentration in dual switching operational strategy. Simulation results indicate that a maximum average extract purity of 99.35% in the last switch is possible, which is significantly higher than 96.92% purity obtained under conventional switching. The wider scope of this strategy is that it does not require a physical modification nor inclusion of peripherals to an existing SMB configuration unlike in strategies like Varicol, that impose a constraint on the minimum number of columns to be present on the SMB under consideration and can be conveniently coupled with other existing advanced operating modes.
